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ABSTRACT: 2,7-Di-tert-butylpyrene was oxidized to 2,7-
di-tert-butylpyrene-4,5,9,10-tetraone. The latter through con-
densation reaction with vicinal diamine such as diaminoma-
leodinitrile afforded heterocyclic monomer, 2,7-di-tert-butyl
pyrene[4,5][9,10]bis(2,3-pyrazine-5,6-dinitrile), which was
cyclotetramerized to the corresponding 2H- and metal-pyra-
zinoporphyrazine-based network polymers (2H-PyzPz and
M-PyzPz, M = Co, Ni, Zn, or Cu). Elemental analytical
results, Infrared, and NMR spectral data of the new pre-
pared molecules are consistent with their assigned formula-
tions. Molecular masses and metal contents of the
synthesized polymers proved to be of high molecular
masses, which confirm the efficiency of tetramerization po-
lymerization and complexation reactions. Dielectric permit-

tivity, €, loss tangent, tan 8, and ac conductivity, cac(w), of
2H-PyzPz and M-PyzPz films were studied as a function of
temperature and frequency. It was found that dielectric per-
mittivity, €/, decreases with the increase of frequency and
increases with the increase in temperature. Ac conductivity,
cac(m), is found to vary as Bws and the frequency exponent,
s, is less than unity around room temperature indicating a
dominant hopping process. On the other hand, cac(T) of all
samples is thermally activated with low activation energies.
© 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 121: 3579-3589, 2011
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INTRODUCTION

Tetrapyrazinoporphyrazine is one of the phthalocya-
nine derivatives having two nitrogen atoms at equiva-
lent 1,4-positions of the phthalocyanine benzene
units. Because of the additional nitrogen atoms, tetra-
pyrazinoporphyrazines are less electron-rich than the
corresponding  phthalocyanine.! Macroheterocycle
systems such as porphyrins, tetrabenzoporphyra-
zines, and their aza analogs are interesting objects of
extensive studies and practical applications, science,
industry, and medicine. Porphyrazine complexes of
zinc, aluminum, and other metals show anticancer
properties and uses in photodynamic therapy.”

The synthetic route to new fully conjugated sys-
tems can be achieved through condensation of dio-
nes with diamines. Hexa-1,5-diyne-3,4-diones react
smoothly with commercially available diaminoma-
leodinitrile to give the dicyanodiethynylpyrazines.’
Similarly, condensation of hexa-1,5-diyne-3,4-diones
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with 4,5-diaminophthalonitrile produces 2,3-dialkynyl-
quinoxaline-6,7-dinitriles.* Base-induced cyclotetrame-
rization of the aromatic dinitriles with magnesium but-
oxide in refluxing butanol generates the peripherally
peralkynylated phthalocyanine or naphthalocyanine
analogs, namely, the tetrapyrazinoporphyrazines and
tetra-6,7-quinoxalinoporphyrazines, respectively.” The
pyrazinoporphyrazine system (metal-free, 2H-PyzPz,
zinc and copper derivatives) has been synthesized by
tetramerization of 2,3-dicyanopyrazine monomer unit.’

A new pyrazinoporphyrazine macrocycle carrying
externally appended pyridine rings, tetrakis-2,3-[5,6-
di(2-pyridyl)pyrazino]porphyrazine (hydrated) was
prepared in high yield by direct cyclotetramerization
of the precursor, 2,3-dicyano-5,6-di(2-pyridyl)-1,4-
pyrazine, in the presence of 1,8-diazabicyclo[5.4.0]un-
dec-7-ene (DBU).” Derivatives of the new class of
octaalkynyltetra[6,7]quinoxalinoporphyrazines, ana-
logs of the naphthalocyanines, were prepared in two
steps starting from functionalized hexa-1,5-diyne-3,4-
diones. Divalent zinc and magnesium ions were
introduced into the macrocyclic core.® Condensation
of diaminophthalonitrile with 1,10-phenanthroline-
5,6-dione in EtOH afforded the suitably functiona-
lized phthalonitrile precursor, as a pale yellow solid,
which was cyclotetramerized in a refluxing solution
of lithium metal dissolved in pentanol, followed by
demetallation with acetic acid, affording the crude,
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metal-free phthalocyanines, 2H-Pc, as a dark green
solid.” Synthesis of tetra(5-n-nonyl-8-tert-butyl-2,3-
pyrazino[2,3-bJindolo)porphyrazinato copper(ll) was
reported.'” Microporous polymeric materials were
prepared through double aromatic nucleophilic sub-
stitution reaction of appropriate hydroxylated aro-
matic monomers with 4,5-dichlorophthalonitrile
yielding a bis(phthalonitrile) precursor that forms a
phthalocyanine network, via a cyclotetramerization
by a metal ion template.'"'* A highly conducting
macrocycle-linked metallophthalocyanine polymer
was reported.'” It is known for most dielectrics that
¢/, tan 9, and o, are frequency and temperature de-
pendent. Therefore, the dielectric characterizations of
polymeric materials are crucial to study relevant
mechanism of conduction and to realize their future
applications. Measurements of c,. have been exten-
sively used to understand the conduction mechanism
of dielectric materials. The c,.(®) of most semicon-
ductors shows a frequency oc ®° with s <1, where o
is the angular frequency.'* Different models such as
small polaron tunneling (SPT), large polaron tunnel-
ing (LPT), correlated barrier hopping (CBH), atomic
hopping, and quantum-mechanical tunneling (QMT)
have been proposed to explain the behavior of ac
conduction mechanism in different materials.'
Ac electrical properties of metallophthalocyanines
(M-Pc) such as Ni-Pc, ' Co-P¢,'¥20  7Zn-Pc,?!??
and Cu-Pc**** were reported earlier because these
compounds have attracted much more interest in
the last decades. Concerning the electrical behav-
iors, the outcome of these investigations can be
summarized as follows: first, the ac conductivity
shows ws dependence with s < 1 indicating a hop-
ping conduction mechanism at low temperatures
and higher frequencies. Second, the conductivity is
thermally activated with average activation energy,
E < 1.0 eV. Finally, the differences in the electrical
behaviors of M-Pc (M = Ni, Co, Zn, and Cu) are
small. The present study seeks to underline the syn-
thesis, characterization, and dielectric properties of
the novel fully conjugated, pyrazinoporphyrazine-
based network polymers.

EXPERIMENTAL
Characterization and sample preparation

Fourier-transform infrared spectrometer (8101 M-Shi-
madzu) was used in spectral measurements. UV-vis
spectra were obtained using Unicam UV-vis spec-
trometer. NMR spectra were recorded in deuterio-
chloroform, on a Varian VXR 400S-NMR spectrome-
ter operating at 400 MHz (*H-NMR) and 100 MHz
(®C-NMR) with tetramethylsilane as internal stand-
ards. Elemental analysis for metal content was car-
ried out by an inductively coupled plasma-atomic
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emission spectroscopy (ICP-AES), using a Varian
Liberty-100 sequential spectrometer. Molecular
masses (number average M,, weight average M,,)
were determined by gel permeation chromatogra-
phy, GPC, (Polymer Laboratories, PL-GPC 20) using
dilute polymer solutions (10 mg/5 mL) in tetra-
hydrofuran (THF) at room temperature with the
rate of 1 mL min~'. Elemental analysis was deter-
mined with Perkin-Elmer 2400 CHN. Undoped and
doped films were prepared by pouring the solution
on a cleaned optically transparent glass plate. This
glass plate was kept over a pool of mercury for
perfect leveling to ensure uniform thickness, and
the solution was allowed to evaporate at room
temperature. Aluminum electrodes were deposited
by vacuum evaporation at 107® Torr, along
the length of the glass plates, at the width of 3 mm,
onto both surfaces of the samples to form a
sandwich-type specimen in a cross-sectional area of
2.5 x 107° m? and thickness of 76 um for dielectric
measurements.

Capacitance and dielectric loss tangent were
measured in the frequency range from 100 to 1.0
MHz and within the temperature range from 303 to
423 K by using impedance spectroscopy of type
Solartron 1260 gain/phase analyzer (Solartron
Instruments, Allentown, PA). The dielectric constant
was calculated from the given values of capaci-
tance, thickness, and area of the sample. Knowing
¢/, tan 9, and the frequency f, the ac conductivity
was calculated, c,. = 27 fg, €'tand, g is the permit-
tivity of free space.

Preparation of 2,7-di-tert-butylpyrene-
4,5,9,10-tetraon 2

Pyrene was purchased from Acros and used as
received. Other materials were obtained from
Aldrich and used as received. 2,7-Di-tert-butylpyr-
ene 1 was synthesized by using the reported pro-
cedure.”® in greater than 90% yield. Compound 2
was prepared as previously reported.*® To a solu-
tion of 2,7-di-tert-butylpyrene 1 (10 mmol) in
CH,Cl, (40 mL) and CH3CN (40 mL) were added
NalO, (175 g, 81.8 mmol), H,O (50 mL), and
RuCl;xH,O (0.25 g, 1.2 mmol). The dark brown
suspension was heated at 30-40°C overnight. The
reaction mixture was poured into 500 mL of water,
and the organic phase was separated. The aqueous
phase was extracted with CH,Cl,. The CH)Cl,
extracts were combined with the organic phase
and washed with water to give a dark orange
solution. The solvent was removed under reduced
pressure to afford a dark orange solid. Column
chromatography (CH,Cl,) gave pure product
of compound 2 as bright orange crystals, mp 340-
342°C.*°



2H- AND M-PyzPz NETWORK POLYMERS

Preparation of 2,7-di-tert-butylpyrene[4,5][9,10]-
bis(2,3-pyrazine-5,6-dinitrile) 3

A solution of tetraone 2 (10 mg, 0.027 mmol) in acetic
acid (50 mL) was treated with diaminomaleodinitrile
(5.83 mg, 0.054 mmol). The mixture was refluxed with
stirring at room temperature for 2 h. The precipitate
was filtered off and washed with acetic acid to give
pale yellow solid. 13.83 mg, 89%; mp = 281°C.

IR (KBr): v em™, 2226 (CN), 1505 (C=N), 1614
(C=C). 'H-NMR (CDCl;): 8 = 8.16 (s, aromatic-H),
1.53 (s, aliphatic-H); >C-NMR (CDCls): 149.1 (C),
148.7 (C), 144.1 (C), 143.7 (C), 141.3 (C), 140.8 (C),
137.5 (C), 137.1 (C), 131.5 (C), 131.3 (C), 80.8 (C),
116.2 (CN), 35.7 (CHjz), 32.8 (CHj3). Anal. calcd. for
CsHyoNg: C, 74.12; H, 4.28; N, 21.61. Found: C,
74.14; H, 4.31; N, 21.59.

Preparation of polytetral2,3-(1,4-
diazaphenanthreno)porphyrazine] 4

Lithium metal (20 mg, 2.8 mmol) was added to a
refluxing solution of 3 (259.28 mg, 0.5 mmol) in pen-
tanol (2 mL). The solution was heated at reflux for
18 h. On cooling, acetic acid (0.2 mL) was added to
the reaction mixture, and the crude product was col-
lected by centrifugation. The green material was
purified by column chromatography (eluent:
dichloromethane) and by precipitation from toluene.
IR (KBr): v em™, 1515 (C=N), 3350 (NH), 1603
(C=C). UV-Vis Ama(CH,Cl) nm™"): 357, 438, 650,
698. '"H-NMR (CDCly) § = 9.77 (s, H, NH), 7.64 (s, ar-
omatic-H), 1.39 (s, aliphatic-H). Anal. Calcd. for the
expected polymer repeat CgsHssN16 requires C, 73.63;
H, 5.23; N, 21.14. Found: C, 73.49; H, 5.17; N, 21.09.

Preparation of polytetra[2,3-(1,4-diazaphenanthre-
no)porphyrazinato]-metal II 5a-d

The monomer 3 (259.28 mg, 0.5 mmol) was subjected
to form polymer networks 5a—d on heating with 0.75
mmol of metal salt (cobalt II chloride, nickel II chlo-
ride, zinc acetate, or copper nitrate) in quinoline (2
mL) at 200°C for 18 h. The material was dissolved in
acetone, and the untrapped metal was precipitated
and removed from the solution. To the resulting ace-
tone solution, an excess of cold methanol was
added, precipitating blue (5a, b) or dark green (5c,
d) solids. The solubility of these networks was exam-
ined in various solvents, showing that they are solu-
ble in common organic solvents such as CH,Cl,,
CHCl;, THF, and acetone at room temperature and
are easily purified by chromatography on silica gel.
The polymer was vacuum dried overnight.

5a

IR (KBr): v em™, 1504 (C=N), 1607 (C=C). UV-vis
Amax(CH>Cly) nmfl): 361, 446 (shoulder), 667, 725.
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"H-NMR (CDCl;) & = 8.45 (s, aromatic-H), 1.46 (s, al-
iphatic-H). Anal. calcd. for the expected polymer
repeat CgsHs3N16Co requires C, 69.88; H, 4.78; N,
20.06; Co, 5.28. Found: C, 64.74; H, 4.63; N, 19.94;
Co, 5.43.

5b

IR (KBr): v ecm™, 1507 (C=N), 1605 (C=C). UV-vis
Amax (CH>Clp) nm™1): 360, 444 (shoulder), 663, 718. 'H-
NMR (CDClz) 6 = 8.48 (s, aromatic-H), 1.44 (s, ali-
phatic-H). Anal. caled. for the expected polymer repeat
CesHs3N16Ni requires C, 69.90; H, 4.78; N, 20.06, Ni,
5.25. Found: C, 69.68; H, 4.65; N, 19.97; Ni, 5.39.

5¢

IR (KBr): v em™, 1505 (C=N), 1598 (C=C). UV-vis
Amax (CH,Cly) nmfl): 363, 447 (shoulder), 656, 709.
'"H-NMR (CDCl;) & = 8.44 (s, aromatic-H), 1.41 (s, al-
iphatic-H). Anal. calcd. for the expected polymer
repeat CgsHs3NieZn requires C, 69.48; H, 4.75; N,
19.95; Zn, 5.82. Found: C, 69.29; H, 4.72; N, 19.83;
Zn, 5.96.

5d

IR (KBr): v cm™, 1502 (C=N), 1604 (C=C). UV-vis
Amax (CHoCl) nm™Y): 366, 448 (shoulder), 654, 707.
'H-NMR (CDCl;) & = 8.46 (s, aromatic-H), 1.45 (s, al-
iphatic-H). Anal. calcd. for the expected polymer
repeat CgsHzzN16Cu requires C, 69.60; H, 4.76; N,
19.98; Cu, 5.66. Found: C, 69.45; H, 4.75; N, 19.87;
Cu, 5.78.

RESULTS AND DISCUSSIONS

We report here, the synthesis, characterization, and
dielectric properties of the novel fully conjugated,
network polymers of tetramerized metal-free pyra-
zinoporphyrazine, 2H-PyzPz, and metal-pyrazino-
porphyrazine, M-PyzPz, containing four peripheral
diimine binding sites. The synthetic route to these
network polymers is summarized in Scheme 1. The
key intermediate in the synthesis is the precursor
2,7-di-tert-butylpyrene[4,5][9,10]bis(2,3-pyrazine-5,6-
dinitrile) 3. The starting material is 2,7-di-tert-butyl-
pyrene 1, which was synthesized by using the
reported procedure® Compound 1 was converted in
the first step to 2,7-di-tert-butylpyrene-4,5,9,10-tet-
raone 2%° by treatment with NalO4 and RuCl;.xH,O.

Condensation of 2 with commercially available
diaminomaleodinitrile in acetic acid afforded the
suitably functionalized pyrene[4,5][9,10]bis(2,3-pyz-
azine-5,6-dinitrile) 3, as a pale yellow solid. Cyclote-
tramerization of the aromatic tetranitrile 3 with
lithium metal in pentanol and metal salt in quinoline

Journal of Applied Polymer Science DOI 10.1002/app
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5a, M= Co®*
5b, M= Ni?*
5¢, M= Zn?*

5d, M= Cu®*

1- Li, Pentanol
2- AcOH

N N
) n
2H-PyzPz 4

Scheme 1 2H - and metal-pyrazinoporphyrazine network polymers from heterocyclic monomer.

generates 2H-PyzPz 4 and M-PyzPz 5a-d network
polymers, respectively.

Infrared and UV-vis spectrum

The IR spectral data of precursor 3 shows an intense
bands at 2226, 1505, and 1614 cm' for C=N,
(C=N), and (C=C) groups, respectively. In accord-
ance with this structure, the H-NMR spectrum
revealed a singlet at & = 8.16 and 1.53 assignable to
aromatic and aliphatic protons, respectively. Elemen-
tal analytical results and '">C-NMR spectral data of
the new tetranitrile 3 are consistent with the
assigned formulation (see Experimental, Scheme 1).
IR spectrum of 2H-PyzPz 4 shows a broad band at
1515 ¢cm™', which is assignable to the stretching
vibration of the C=N bond. The absorption values
of the C=N vibration at 1504, 1507, 1505, and 1502
cm ! for Co-PyzPz 5a, Ni-PyzPz 5b, and Zn-PyzPz
5¢ and Cu-PyzPz 5d respectively, are lower by about
8-13 cm ™! than those for the metal-free 2H-PyzPz 4,
which indicate the coordination of azomethine nitro-
gen atom to metal ions in the complexes. Moreover,
there is a broad band at 3350 cm ™, assignable to the
stretching vibration of the N—H bond in free metal
pyrazinoporphyrazine complex 2H-PyzPz 4. This
stretching vibration of the N—H bond does not
appear in the spectra of metal complexes 5a—d,
which means that NH group is involved in metal-
ligand formation. UV—vis spectrum of 2H-PyzPz 4 in
dichloromethane solution shows a strong Soret
bands at 357 and 438 nm (Fig.1). The Q bands attrib-
utable to the difference between the highest occu-
pied molecular orbital (HOMO) energy level and the

Journal of Applied Polymer Science DOI 10.1002/app

lowest unoccupied molecular orbital (LUMO)
energy, that is, the m—n* transitions in 2H-PyzPz 4
are observed at 650 and 698 nm. These bands are in
a good agreement with the absorption spectra
reported in the literature.'

The electronic absorption spectra of the metal
complexes 5a-d in dichloromethane solution are
presented in Figure 2. Two transitions are domi-
nated at higher-energy B-band (broad band around
363 nm and shoulder band around 446 nm) which
can be assigned to the mn—m* and/or d-m* transi-
tions in the fused pyrolopyrazine ring struc-
ture.”””® Two characteristic well-developed intense

3.0+

Absorbance

- T - T . T - T -
300 400 500 600 700 800
Wavelength (nm)

Figure 1 UV-vis spectra of metal free-pyazinoporphy-
razine 4.
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Figure 2 UV-vis spectra of metal-pyazinoporphyrazines (M-PyzPz) 5a—d.

lower-energy Q-bands (~ 663 and 718 nm) are
observed. The shoulder band is usually attributed
to the 1s — 4d transition.”” It was already demon-
strated in early theoretical work,**?" that exchange
coupling of the metal center with ligand states
gives rise to spin-allowed transitions at low energy.
It will be shown that there are states in the range
of 450-480 nm below the Q-band excitation for
all of the M-PyzPz polymers. These states arise
from d-d excitations and ligand—metal exchange
coupling.

There is a little difference among the visible spec-
tra of various metal pyrazinoporphyrazines (Figure
2). It has been suggested that both Q and B bands
can be influenced by the metal-to-ligand charge-
transfer bands.” It is clear that the absorption bands
for metal complexes, extends beyond 800 nm. There-
fore, these pyrazinoporphyrazines could be useful in
the field of optical data storage and for security
printing, which require absorbance in the near
infrared.

TH-NMR and molecular mass measurements
of the prepared network polymers

'"H-NMR spectrum of 2H-PyzPz 4 reveals signals at
0 = 7.64 and 1.39 assignable to aromatic and ali-
phatic protons, respectively. The presence of signal
at 8 = 9.77 assignable to NH proton in 'H-NMR
spectrum of 2H-PyzPz 4 gives direct evidence of the
formation of an unsymmetrical tetradentate ligand.
On the formation of metal complexes 5a-d, the sig-
nal of the NH groups disappears. All metal com-
plexes show signals around 6 = 8.46 and 1.44 assign-
able to aromatic and aliphatic protons, respectively
(see Experimental, Scheme 1 and Fig. 3). Elemental
analyses for the prepared polymers show that the
amount of carbon within polymers is consistent with
their idealized structures represented in Scheme 1.
The experimental values of carbon content of the
prepared polymers are consistent with that calcu-
lated for the expected polymer repeat unit. Also, the
experimental values of metal content (see Experi-
mental) of the prepared polymers are consistent

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 'HNMR spectra of the prepared pyrene deriva-
tive 3, 2H-PyzPz 4 and Co-PyzPz 5a.

with that calculated for the expected polymer repeat
unit. Moreover, metal content and high molecular
masses of the synthesized polymers confirm the effi-
ciency of tetramerization polymerization and com-
plexation reactions. The narrow molecular weight
distribution (Table I) in all samples, with M,,/M,, =
3.58-4.45, implies that the polymerization follows a
single-site reaction mechanism. The high molar
mass and good solubility of these polymers allow

conventional solution-based polymer processing
techniques.
These pyrazinoporphyrazines have push—pull

intramolecular charge-transfer chromophoric sys-
tems in which the pyrene and the pyrazine rings
work as a donor group and an acceptor group,
respectively. Hence, these polymeric materials
exhibit high electrical conductivity. The special con-
jugation in pyrazinoporphyrazines enables the elec-
trons to delocalize throughout the whole system. In
addition, the delocalized electrons may move
around the whole network polymers to make them
conductive. When the electrons are removed from
the backbone, resulting in cations or added to the
backbone resulting in anions, the polymer can be
transformed into a conducting form. Anions and cat-
ions act as charge carriers, hopping from one site to
another under the influence of an applied electrical
field, thus increasing conductivity. It is universally
agreed that the doping process is an effective

Journal of Applied Polymer Science DOI 10.1002/app
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method to produce conducting polymers, because it
allows electrons to flow through the conduction
bands. As doping occurs, the electrons in the conju-
gated systems, which are loosely bound, are able to
jump around the polymer chains.

Dielectric permittivity

Figure 4(a—c) displays the temperature dependence
of the real part of the permittivity (¢/) at some
selected frequencies. It is clear that ¢'(w) decreases
with the increase of frequencies for all investigated
network samples. The decrease of ¢'(w) with fre-
quency at given temperatures may be attributed to
the decrease in the number of the dipoles, which
contribute to polarization. Also, the dipole struc-
ture is no longer able to respond to the applied
electric field. Because the material electrode polar-
ization cannot be ignored in ionic conductors, the
decrease of ¢'(w) with the increase in frequency
may be attributed to relaxation processes.’> More-
over, the variation of &(w) is small at higher fre-
quencies. Therefore, the difference between ¢'(w) of
2H-PyzPz and that of M-PyzPz samples is not pro-
nounced. It is also worth noting that the &'(w)
tends to become largely noticeably with the
increase of temperature. The presence of metal
ions such as Ni, Co, Zn, and Cu leads to increase
the values of €'(w) at the lower frequencies. Cu-
PyzPz shows higher values of &(w) in comparison
with 2H-PyzPz or other M-PyzPz samples. A dis-
persion in &'(0) around 1.0 kHz, is recognized for
investigated samples due to electrical relaxation.
Higher values of €'(o) reflect the conductive nature
of pyrazinoporphyrazines.

Figure 5(a—c) depicts the temperature dependence
of ¢'(T) at some selected frequencies (1, 10, and 100
kHz) for 2H-PyzPz and M-PyzPz samples. It is
shown that ¢'(T) increases with the increase in tem-
perature and the decrease in frequency. A similar
behavior is observed for bulk tin phthalocyanine
dichloride (SnPcCl2).** Again, Cu-PyzPz exhibits
higher ¢ compared to 2H-PyzPz or other M-PyzPz
networks. The rate of increase in €'(T) with tempera-
ture (d¢’/dT) undergoes a pronounced change at T =

TABLE 1
Characteristic Data of the Prepared
Pyrazinoporphyrazine Network Polymers

Yield Mp M, M,, Polydispersity
Samples (%) (°C) (gmol™) (gmol™)  (My/M,)
2H-PyzPz 89 212214 26,945 111,544 4.139
Co-PyzPz 83 237-236 27,462 118,233 4.305
Ni-PyzPz 84 254255 36,766 131,654 3.580
Zn-PyzPz 93 246248 38457 147,623 3.838
Cu-PyzPz 90 274276 31,372 139,694 4452
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Figure 4 The frequency dependent of €& for 2H-PyzPz
and M-PyzPz networks at different Temperatures; (a) T =
303K, (b) T =343 K, and (c) T = 393 K.

3255 K, f = 1.0 and 10.0 kHz. Moreover, a slight
change in de¢'/dT at T = 378 K for all networks is
observed. This change can be attributed to the local
main-chain dynamic. Since a rapid increase in €'(T)
begins near to the glass-transition temperature of
polymeric materials. It might be suggested that T of
both 2H-PyzPz and M-PyzPz is around 325.5 K.
Only one peak of de’'/dT is found at 363 K and 100
kHz for all samples as shown from the inset of
Figure 5(c). This peak may be attributed to a-relaxa-
tion. A similar increase in €&(T) for phthalocyanine
compounds was reported® and attributed to the
phase transformation from - to p-phase. The tem-
perature coefficient of permittivity (TCP) for all net-
work samples at different frequencies is obtained by
using the relation:

3585

1d¢
TCP = —— @)
where €' is the value of the dielectric constant at the
half of the maximum peak and d¢'/dT is the change
of ¢ with temperature. It was found that TCP of
all samples is about 0.06 K~' and slightly dependent
on frequency.

Dielectric loss tangent

The dielectric losses in most polymeric materials can
be attributed to the perturbation of phonons by the
application of the electric field and so, the energy
transferred to phonon dissipation in the form of

300 F

200 +

—&— 2H-PyzPz
—0— Ni-PyzPz

100 - —A— Co-PyzPz
i —A— Zn-pyzPz
—a— Cu-PyzPz
= 0 1 L 1 L 1 X 1
200
100
0
200
“w
100
U I 1 1 1 | 1 | 1 |
300 330 360 390 420

T(K)

Figure 5 The temperature dependence of ¢ for 2H-PyzPz
and M-PyzPz samples at different frequencies: (a) 1.0 kHz,
(b) 10 kHz, and (c) 100 kHz. The inset in (c) depicts the
change of de//dT versus temperature at 100 kHz for all
investigated samples.
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Figure 6 The frequency dependent of tan & for 2H-PyzPz
and M-PyzPz samples at different temperatures; (a) T =
303K, (b) T =343 K, and (c) T = 393 K.

heat. Besides, macromolecules modify the perturba-
tion of phonon during application of electric field.*
Figure 6(a—) represents the frequency dependence
of tan  at some selected temperatures (303, 343, and
393 K) for all samples. The variation of tan & with
frequency gives evidence for dipolar peak with posi-
tion slightly temperature dependent. For all investi-
gated samples, this peak is located at higher fre-
quencies (f = 50, 100, and 300 kHz) when T is 303,
343, and 393K, respectively. Because of molecular
weights distribution or cooperative movement of ad-
jacent chains a spread of relaxation times occurs.
Also, a shoulder peak is shown at 1.0 kHz for all
samples at selected temperatures. The existence of
this shoulder peak at low frequency is an indication
of the longer relaxation time pertinent to macromo-
lecules. It is clear that as the frequency and tempera-
ture increase, tan 6 maximum does not shift toward
higher frequencies but its magnitude increases.
These well-known features are characteristics of the
freezing of dipolar motion with no longer-range cor-
relations (i.e., glass-like).

Journal of Applied Polymer Science DOI 10.1002/app
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The temperature dependence of tan & at some
selected frequencies (1, 10, and 100 kHz) for all net-
work samples is shown in Figure. 7(a—). From the
figure, it is observed that tan 6 increases with the
increase of frequency. Cu-PyzPz exhibits a higher
tan 6. The behavior of tan § reflects the presence of
relaxing dipoles in all samples. Since the strength
and frequency of relaxation depend on these relax-
ing dipoles, the loss tangent peak shifts toward
higher temperature with increasing frequencies. The
relaxation peak is observed for all investigated net-
works at 348, 363, and 378 K and f is equal to 1, 10,
and 100 kHz, respectively. It is found that the shape
of the full width at half of the peak height changes
slightly in the studied range of frequencies and
selected temperatures.

Ac conductivity

The major aspects of conductivity mechanisms
in polymeric systems are charge carrier generation
and transport, the latter is especially difficult in

) —e— 2H-PyzPz
—O0— Ni-PyzPz

—a— Co-PyzPz
—&— Zn-PyzPz

[ —&— Cu-PyzPz
o \\ﬂ

tan (3)

100 kHz

4k

300 330 360 380 420
T (K)

Figure 7 The temperature dependence of tan & for 2H-

PyzPz and M-PyzPz samples at different frequencies: (a)
1.0 kHz, (b) 10 kHz, and (c) 100 kHz.
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Figure 8 The frequency dependent of ac conductivity,
Gae, for 2H-PyzPz and M-PyzPz samples at different tem-
peratures: (a) T =303 K, (b) T =343 K, and (c) T = 393 K.
The inset in (c) shows the temperature dependence of the
estimated dc conductivity, o4, for all studied samples.
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investigation and interpretation. There are several
models describing the origin and nature of the
charge carriers in polymer networks, which take into
account the specific electronic structure of a given
polymer. The lack of long order in most polymer
systems does not allow extension of such treatments
to describe their actual macroscopic electronic
properties completely. Rather, the observed bulk
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conductivity of polymeric materials is a complex
function of the number of charge carriers and their
transport along polymer chains and morphological
barriers. It can also mention here that the electrons
in conjugated systems are loosely bound to be able
to jump around the polymeric chains so that the
conductivity increases.

The double logarithmic plot of the frequency de-
pendence of ac conductivity, ocac(w), at three
selected temperatures (T = 303, 343, and 393 K) is
presented in Figure 8(a—c). As seen, cac(w) increases
monotonically with increasing frequency (0.1 kHz <
f <500 kHz) and eventually attains a high frequency
plateau. Within this range of frequency, no relaxa-
tion peak was identified. In addition, all samples
exhibit high conductivity and the difference between
2H-PyzPz and M-PyzPz (except for M = Cu) is still
small at T > 343 K. A common feature of the dielec-
tric materials is the frequency-dependent conductiv-
ity given by the well-known universal dynamic
response®®”’]

@)
®)

Ot = C4c + Oac(®)

Guc(®w) = Ot — G4 = B’

where odc is the dc (or low frequency), conducti-
vity, ot is the total conductivity, s is the universal
exponent and B is a pre-exponential factor. The dc
conductivity is calculated using the low-frequency
region and extrapolating o(®) to the f — 0. The inset
in Figure 8(c) displays the change of odc with
temperature for all network samples. One notes that
Cu-PyzPz exhibits the highest odc compared
to other investigated samples. The frequency-
dependent conductivity is found to be the best rep-
resented by eq. (3). The values of s and B are listed
in Table II and are slightly temperature dependent.
It is clear from this table that s < 1 at T = 303 K and
s > 1.0 with increasing temperatures. The values of s,
which less than unity are found to be consistent with
that observed in many hopping systems.”"*® The
conduction mechanism of the samples that have s >
1.0 (less than 2) may be corresponding to the well-
localized hopping and/or reorientational motion.?

TABLE II
The Fit Results, (s and B), According to eq. (3) for All Network Samples at Some
Selected Temperatures

T =303 K T =343 K T =393 K
Samples B s B s B s
2H-PyzPz 9.818E — 10 0.953 = 0.01 1.028E —9 1.039 £ 0.02 1.629E — 9 1.089 = 0.02
Ni-PyzPz  1.865E — 9 0.909 * 0.02 1.257E —9 1.034 = 0.02 1.916E — 9 1.084 = 0.02
Co-PyzPz 2.019E —9 0922 = 0.01 1484E —9 1.028 = 0.02 2317E —9 1.073 = 0.02
Zn-PyzPz  3.559E — 9 0923 = 0.02 2.645E — 9 1.007 £ 0.01 3.830E — 9 1.051 = 0.01
Cu-PyzPz 7.271E —9 0953 + 0.02 5.784E —9 1.037 = 0.01 1.026E —8 1.024 = 0.01
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Figure 9 The temperature dependence of ac conductivity,
Gac at different frequencies: (a) 1.0 kHz, (b) 10 kHz, and
(c) 100 kHz. The inset in (b) represents In(c,.) versus
1000/T, and the solid lines show the fit in region I and II

The temperature dependence of the conductivity
presented as In(c,.) versus the reciprocal temp-
erature at some selected frequencies (1, 10, and

ABDEL-RAZIK, EL-SAYED, AND HASSEN

100 kHz) is shown in Fig. 9(a—c). In (o, exhibits
two straight regions (I and II) and shows an
increase with increasing temperatures in region I
(303 K < T < 348 K). Generally, the ac conductivity
is thermally activated according to the Arrhenius
relation:

G = A exp(—E/kT) 4)

where A is the pre-exponential factor, E is the acti-
vation energy k, and T have their usual meaning.
The increase of c,. with temperature may be due
to the increase of the absorbed energy, which leads
to increase the number of the charge carriers that
contribute to the conduction process. This reveals
that the conduction mechanism could be a hopping
one.** Also, the variation of the conductance with
temperature can be attributed to a combined effect
of a change in the conductance with temperature
and to the nature of the trap distribution inside the
polymer networks. It was found that the tempera-
ture dependence of o, in I and II regions obeys
eq. (4), so the values of E are calculated and listed
in Table III. The inset in Figure 9(b) displays the fit
of In(c,.) of Cu-PyzPz for instance. As seen from
Table III, the E values in region I, are higher than
those in region II. The o-T curves of all investi-
gated samples in region II are associated with very
small Ey (0.01-0.04 eV) consistent with hopping of
charge carriers between localized states.*'** The
low values of activation energy suggested a transi-
tional region between hopping and another conduc-
tion process presumably free band conduction.
On the other hand, the values of E; in region I are
0.2 — 0.5 eV. These values are also consistent with
that reported on zinc phthalocyanine thin films.*
Anyway, such results are in reasonable agreement
with those obtained for other phthalocyanine com-
pounds.44-46 Once again, the special conjugation
in pyrazinoporphyrazines may be one of the rea-
sons that these polymers exhibit a conductive
behavior.

TABLE III

The Activation Energies for 2H-PyzPz and M-PyzPz Samples According to the

Fit of Arrhenius Equation in Two Regions; I (303 K < T < 348 K) and II
(348 K < T < 422K)

f=1kHz f=10kHz f =100 kHz
Samples Er (eV) Epn (eV) E; (eV) Eq (V) E; (eV) Eq (V)
2H-PyzPz 0.38 0.031 0.389 0.025 0.466 0.040
Ni-PyzPz 0.379 0.029 0.367 0.024 0.404 0.065
Co-PyzPz 0.329 0.037 0.336 0.010 0.291 0.041
Zn-PyzPz 0.359 0.032 0.296 0.031 0.209 0.019
Cu-PyzPz 0.303 0.017 0.283 0.018 0.222 0.043
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CONCLUSIONS

Both conductive new full-conjugated 2H-PyzPz and
M-PyzPz network polymers have been successfully
synthesized. Both molecular masses and metal con-
tents of these synthesized polymer networks confirm
the efficiency of tetramerization polymerization and
complexation reactions. The dielectric constants, ¢/,
of all investigated samples (2H-PyzPz and M-PyzPz)
were found to decrease with the increase in fre-
quency and increase with the increase in tempera-
ture. The loss tangent, tan §, shows relaxation proc-
esses and exhibits frequency as well as temperature
dependence. The ac conductivity, 6,., was found to
vary as ®° and the exponent, s, were less than unity
around room temperature indicating a dominant
correlated barrier hopping mechanism. With increas-
ing temperatures, s was found to be equal or higher
than unity and the conduction may correspond to
the well-localized hopping and/or reorientational
motion. At 303 K < T < 348K, the conductivity is
thermally activated with activation energy, E, of 0.2—-
0.5 eV, whereas E is very small (0.01-0.04 eV) at 348
K < T< 423 K. The addition of metals may affect the
charge carriers causing higher conductivity. Finally,
research effort is seriously required to understand
fully the optical behaviors of these compounds due
to their importance in technology and industry.
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